Abstract. The ability to count molecules is essential to elucidating cellular mechanisms, as these often depend on the absolute numbers and concentrations of molecules within specific compartments. Such is the case at chemical synapses, where the transmission of information from presynaptic to postsynaptic terminals requires complex interactions between small sets of molecules. Be it the subunit stoichiometry specifying neurotransmitter receptor properties, the copy numbers of scaffold proteins setting the limit of receptor accumulation at synapses, or protein packing densities shaping the molecular organization and plasticity of the postsynaptic density, all of these depend on exact quantities of components. A variety of proteomic, electrophysiological, and quantitative imaging techniques have yielded insights into the molecular composition of synaptic complexes. In this review, we compare the different quantitative approaches and consider the potential of single molecule imaging techniques for the quantification of synaptic components. We also discuss specific neurobiological data to contextualize the obtained numbers and to explain how they aid our understanding of synaptic structure and function.
Introduction: Quantitative Neurobiology
The transmission of signals across chemical synapses entails a precise sequence of events. Neurotransmitters released from the presynaptic terminal into the synaptic cleft activate neurotransmitter receptors in the postsynaptic membrane, thus giving rise to ion fluxes and triggering complex signaling processes in the receiving neuron (Fig. 1) . Each of these steps is strongly dependent on the numbers of molecules that are implicated. This is because the rates of molecular interactions are determined by the effective concentration of the reactants. Molecule numbers at individual synapses are relatively small and highly variable, meaning that the strength of synaptic transmission is equally variable and shaped by stochastic events. 1 For example, the absolute number of glutamate receptors at excitatory synapses may vary considerably between zero and more than 100, depending on the activity state of the synapse (reviewed in Ref. 2) . Neurotransmitter receptors accumulate in the synaptic membrane through molecular interactions with specific scaffold proteins in the postsynaptic density (PSD). With up to several hundred copies, the scaffold proteins generally outnumber the bound receptor complexes. This excess of binding sites results from a dynamic equilibrium between receptors and scaffold proteins according to their binding properties, where changes in affinity can tune receptor numbers and induce synaptic plasticity. Correlated changes at presynaptic and postsynaptic terminals indicate that the relative amounts of some synaptic components are closely coregulated, 3 whereas homeostatic mechanisms show that protein levels can be maintained in absolute terms also. 4 In short, protein numbers are essential to formulate reaction processes among interacting molecules at synapses.
Numbers are equally relevant at the level of individual functional protein complexes. Ligand-gated ion channels are stoichiometric assemblies of several subunits that confer specific properties to receptor subtypes. N-methyl-D-aspartate receptors (NMDARs), for instance, are heterotetramers composed of two GluN1 subunits along with two GluN2A-D and/or GluN3A/B subunits. 5 GluN2A and GluN2C-containing receptors display very different decay kinetics and blockage by Mg 2þ ions and are deployed in a cell-type specific manner. 6 The same is true for other ionotropic channels such as the pentameric γ-aminobutyric acid A receptor (GABA A R), whose function, pharmacology and cellular localization depends on the combination of 19 different subunits. For example, GABA A Rs containing subunit α5 preferentially localize at extrasynaptic radixin clusters, 7 thereby contributing predominantly to tonic inhibition. 8 Other subunits target GABA A Rs to inhibitory synapses, where they compete with glycine receptors (GlyRs) for binding sites in the postsynaptic scaffold. 9 The importance of quantitative neurobiology thus lies in its capacity to explain the function and behavior of proteins and to build realistic models of complex processes. For decades, tools have been developed to determine absolute numbers and stoichiometries, including quantitative molecular biology and proteomics, electrophysiological recordings and electron microscopy (EM), as well as strategies based on calibrated fluorescence imaging. Even though all of these techniques have specific strengths, single molecule localization microscopy (SMLM) has a unique potential to gain quantitative information about several molecule species at behaving synapses at once.
Single molecule counting can, therefore, provide new insights into the functioning of synapses that are not easily obtained with earlier methods.
Absolute and Relative Proteomic Quantification of Synaptic Components
In 1982, Betz and colleagues 10 purified GlyRs from rat spinal cord tissue. Sodium-dodecyl sulfate polyacrylamide gel electrophoresis and silver staining of the isolated receptors identified bands of 48, 58, and 93 kDa that were thought to represent different subunits of the GlyR complex. It was found later that they correspond to the GlyR subunits α1 and β and the inhibitory synaptic scaffold protein gephyrin, respectively.
11 Chemical crosslinking finally revealed that GlyRs are in fact heteropentameric complexes composed of α and β subunits with a putative α 3 β 2 stoichiometry. 12 These studies exemplify the usefulness of classical molecular biological techniques for bulk protein quantification. X-ray crystallography has since demonstrated that the pentameric structure is common to other ligand-gated ion channels such as the GABA A Rs and nicotinic acetylcholine receptors (nAChRs) and has important implications for the pharmacological profile of this receptor family. 13 On a larger scale, a variety of proteomic strategies have been developed for the quantification of neuronal proteins in complex samples.
14 These methods generally require the purification of enriched fractions from intact tissue (e.g., PSDs, synaptosomes, membrane fractions, or synaptic vesicles), followed by enzymatic cleavage of the proteins, the fractionation of peptide samples and mass spectrometric (MS) analysis. Accurate profiling of peptide levels can be done using isobaric tags such as the multiplex isobaric tagging for relative and absolute quantification (iTRAQ) reagents that can be used for differential labeling of up to eight samples. The MS spectra of the combined samples reveal not only the peptide sequence but also the relative amounts of the peptides in the different samples. Making use of this approach, activity-dependent changes of about 900 synaptic proteins were measured at four time points (0, 10, 20, and 60 min) after intraperitoneal injection of pilocarpine. 15 This showed that functionally related proteins such as various glutamate receptor subunits and scaffold proteins (e.g., GluA1-3, GluN1/2A/2B, PSD-95, and Shank1) are coregulated, pointing to the existence of core complexes within the PSD whose components act in concert to regulate synaptic activity.
For the absolute quantification of proteins using MS, known concentrations of labeled standards that are chemically indistinguishable from the proteins/peptides of interest can be added to the samples and processed simultaneously. As they behave similarly to the analyzed material, their intensities are used to calculate the concentration of the respective component. One such absolute quantification approach (AQUA) has been applied to 32 core proteins at excitatory PSDs from rat forebrain. 16 The most abundant proteins were CaMKIIα and β, accounting for 7.4% and 1.3% (w/w) of the mass of the PSD. The scaffold protein PSD-95 was also highly enriched (0.7%) and exceeded the copy number of glutamate receptor subunits by an order of magnitude. The ratio among different α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) subunits suggested that forebrain synapses express mostly GluA1/GluA2 heteromers and only a minority of GluA2/GluA3. This subunit stoichiometry is strongly region-dependent, as shown in a recent quantitative proteomic characterization of purified AMPAR complexes. 17 Protein concentrations can be converted into absolute copy numbers if the total mass of the PSD is known. A study based on quantitative scanning transmission electron microscopy and gel electrophoresis estimated the total mass of the PSD to be 1.1 GDa. 18 An average PSD contained ∼300 copies of PSD-95 that contribute about 2.3% of its mass. If applied to the data of Cheng et al. 16 , a structure of 1.1 GDa should contain in the order of 100 molecules of PSD-95 (0.7% w/w). The discrepancy between the two studies is probably due to differences in sample preparation, and highlights one of the main drawbacks of quantitative neuroproteomics that is the biochemical purification of protein samples at the loss of cell type and synapse-specificity (Table 1) . Nonetheless, the high throughput and versatility make quantitative MS a powerful tool for large-scale protein profiling, including the analysis of alternative splice variants or posttranslational modifications (e.g., Ref. 19 ).
Quantification of Functional Receptors at
Synapses Using Electrophysiology 22 With a conductance of 140 to 400 pS, inhibitory postsynaptic currents (IPSCs) evoked by single quanta in dentate gyrus granule cells hence involve the activity of a maximal range of 6 to 30 GABA A Rs, on the assumption that the extrasynaptic and synaptic receptor populations are the same.
When the channel properties prohibit the detection of single channel conductance steps, these can be calculated using nonstationary fluctuation analysis. 23 The relationship between currents (I) and their variance around the mean (σ 2 ) is fitted with a parabolic function that gives the single channel current (i), the number of available receptors (N total ) and their open probability (p). Using this approach, Jonas et al. 24 have recorded AMPA/ kainate receptor currents evoked with 3-mM glutamate in outside-out patches of hippocampal CA3 pyramidal neurons, and determined an elementary channel conductance of 8. Direct comparison between nonstationary fluctuation analysis and observable conductance steps often shows good correspondence. Single channel conductance derived from glycinergic miniature mIPSCs and from outside-out patches of motoneurons in the brain stem was almost identical with channel closings in the decay trace of the patch currents (∼45 pS), implying a homogeneous GlyR population. 25 Taking into account the open probability in response to 1-mM glycine, the total numbers of synaptic GlyRs were 27 in neonate and 39 in juvenile rats. However, variations in the decay time course suggested developmental changes as well as possible differences between synaptic and extrasynaptic GlyRs. 25 In other words, this quantification strategy relies on certain assumptions, such as the neurotransmitter concentration in the synaptic cleft, the homogeneity of the receptor population, or the electric properties resulting from the morphology of the neuron. It also has to be kept in mind that electrophysiology is restricted to the quantification of active receptors ( Table 1 ). The existence of transiently inactive (desensitized) receptors or differences in receptor occupancy following the release of a single, nonsaturating quantum may lead to significant underestimation of the total number of synaptic receptors. 26 To address some of these issues, patch-clamp recordings have been used together with immuno-EM in what is a great combination of techniques that provides at once absolute numbers of receptor subunits at individual synapses and ultrastructural information.
Quantification of Receptor Subunits Using Calibrated Immunogold Labeling
Immunogold labeling of the GABA A R subunit α1 in cerebellar stellate cells showed a large variability in particle numbers in serially reconstructed synapses, ranging from 6 to 184 around a mean of 56 gold particles per PSD. 26 The mIPSC amplitudes in these neurons had a similar, skewed distribution, indicating that the number of immunogold particles correlates with GABA A R activity, even though the two types of data had been obtained independently in fixed tissue and acute slices, respectively. Using nonstationary fluctuation analysis of mIPSCs, the authors determined a number of 140 total receptors at an average synapse, resulting in a conversion factor of 140∕56 ¼ 2.5 GABA A R complexes per gold particle. In this way, the immunogold data could be calibrated in absolute terms. The high spatial resolution of EM makes it possible to relate these numbers to the ultrastructure of the synapse. For instance, the linear relationship between receptor number and PSD area demonstrated that GABA A Rs are distributed at a uniform density of about 1250∕μm 2 at synapses. 26 In principle, the calibration of immunogold labeling can be applied to any other cell type or subcellular compartment. For example, GABA A R densities at synapses in cerebellar granule cells are about two orders of magnitudes higher than those in the extrasynaptic membrane. 27 The synaptic enrichment is dependent on the availability of binding sites and the affinity of receptor-scaffold interactions. The comparison of protein densities in absolute terms may therefore reveal new types of information about the strength of these biochemical interactions within cells. Due to the timeconsuming nature of immuno-EM, however, no comprehensive quantifications of different receptor subunits across brain regions have been conducted.
Quantification of Synaptic Protein Populations Using Calibrated Fluorescence Microscopy
The determination of protein levels based on fluorescence microscopy has become a widely used tool in neurobiological research due to its relative simplicity and the possible detection of almost any molecular target. Populations of proteins are usually visualized with specific antibodies coupled with organic fluorophores or by expressing recombinant proteins fused with a fluorescent protein. Relative changes in protein abundance can easily be measured either in fixed or in living cells, and are expressed in arbitrary units of fluorescence intensity. Absolute quantification, however, is less straightforward, since it requires knowledge of the fraction of labeled molecules and of the fluorescence associated with a single fluorophore ( Table 1) . As a way to convert fluorescence into molecule numbers, the intensity of single GFP fluorophores was used to calibrate beads to which increasing amounts of GFP had been bound. 28 The exact amount of protein on the beads was determined by quantitative amino acid analysis, suggesting that at least 85% of GFP molecules were functional (i.e., fluorescent).
The proportion of labeled proteins within a cell is often unknown due to the variability of antibody labeling or the overexpression of recombinant proteins. The use of knock-in animals that express fluorescently tagged proteins at endogenous levels offers a solution. This is illustrated by a fluorescence calibration study measuring the absolute numbers and densities of the GABA transporter GAT1 at inhibitory synapses. 29 Endogenous GAT1-GFP was visualized with confocal microscopy and calibrated with beads and polyacrylamide gel slices containing known concentrations of GFP. The analysis showed that GAT1 levels differ strongly between synapses, with an average of 1200 copies at presynaptic boutons in hippocampus and 9000 in cerebellar basket cells. Considering the respective size of these boutons, however, the calculated membrane densities were far less variable at about 800 to 1300 molecules∕μm 2 . This may indicate that the two-dimensional packing of GAT1 is relatively equal despite the large differences in their total amounts.
The use of knock-in models to quantify copy numbers may not always be necessary, if the degree of overexpression of a recombinant protein can be assessed. In a detailed quantification of scaffold proteins at excitatory synapses, the level of overexpression was calculated by comparing the immunoreactivity in neurons expressing enhanced (E)GFP-tagged recombinant proteins with those in control neurons. 30 Small fluorescent microspheres were used to calibrate the fluorescence intensity of single EGFP molecules. Taking into account the chromophore formation efficiency (65% to 80%), the authors concluded that an average excitatory PSD contains about 300 copies of endogenous proteins of the MAGUK family, 200 of which are PDS-95. In addition, 170 GKAPs, 310 Shank proteins, and 350 copies of the Homer family of scaffold proteins were found. Their relative abundance differed somewhat from that obtained by quantitative proteomic analysis (6∶2∶2∶1). 16 The most likely cause for this discrepancy is the loss of PSD components during biochemical purification, which may differentially affect scaffold proteins according to their stability in the PSD. 31 A major limitation of conventional fluorescence microscopy comes from its low spatial resolution. This is exemplified by the detection of labeled receptors or scaffold proteins in the PSD that can be easily visualized and quantified in relative terms [ Fig. 2(a) ]. The fluorescence intensity of labeled GlyRs at synaptic gephyrin clusters, for example, is about twofold to threefold higher than in dendrites. 32 This apparent enrichment factor is a serious underestimation, due to the low resolution of conventional fluorescence microscopy that magnifies the apparent size of the synaptic domain. According to high resolution EM data, receptors are concentrated to a much greater extent at synapses. 27 Hence, the quantification of protein concentrations in small cellular compartments requires not only the conversion of arbitrary fluorescence units into molecule numbers, but also precise spatial information (see Sec. 7).
Counting of Single Receptor Subunits with Conventional Fluorophores
The use of fluorescence microscopy for the characterization of receptor stoichiometry was first done by counting single bleaching steps of EGFP-tagged NMDARs. 33 Tagged receptor subunits were coexpressed with nonfluorescent subunits in Xenopus laevis oocytes. Sparsely distributed receptor complexes on the cell surface were imaged with total internal reflection microscopy until fully bleached. Discrete steps of photobleaching in the decay trace correspond to the number of fluorescent proteins in the receptor complex [ Fig. 2(b) ]. These experiments confirmed that NMDARs contain two GluN1 subunits per tetramer 34 in support of crystallographic data. 35, 36 A minority of the visualized spots of GluN1-EGFP displayed a single bleaching step due to the existence of nonfluorescent EGFP molecules. 33 In other words, since the probability to detect the target proteins is <100%, the presence of two subunits results in a binomial distribution of either one or two observed bleaching steps [ Fig. 2(c) ]. To calculate the fraction of nonfunctional EGFP, the distribution of counts for a given stoichiometry can be fitted with a binomial distribution, with the probability of detection (p d ) as free parameter. In these experiments EGFP fusion proteins had a probability p d of about 80%, similar to previous studies. 30 Zero bleaching steps consequently occur with a frequency of 0.04 if neither of the two subunits is fluorescent, but these events are obviously not recorded. Overcounting (>2 steps) can happen if more than one protein complex is located within a diffraction-limited spot. The difficulty in quantifying these data thus lies in the few available data points for fitting (bins 1 and 2) and the strong influence of counting errors (discussed in Ref. 37 , supporting material). Nonetheless, this method has been widely employed to study heteromeric receptor complexes as it does not require very ligand. 37 Furthermore, GlyR stoichiometry was assessed using YFP-tagged α or β subunits coexpressed with unlabelled subunits in Xenopus oocytes. 40 The results lend support to a model whereby heteromeric GlyRs are composed of three α and two β subunits, 12, 41, 42 although an α 2 β 3 stoichiometry has also been proposed. 43, 44 This has important consequences for the accumulation of GlyRs at synapses since the β subunit mediates the interaction with the scaffold protein gephyrin. 9 Taken together, these studies illustrate the impact that the discovery of GFP and its variants has had not only on fluorescence microscopy as such, but also on quantitative imaging. GFP-calibration strategies can be used to study most membrane-associated or intracellular proteins, as there are no general constraints on the class of molecules that can be fluorescently tagged. A serious limitation arises from the low spatial resolution of light microscopy, whereby two structures at a distance of <200 nm cannot be spatially resolved. This is why the counting of bleaching steps is restricted to sparsely expressed protein complexes. A related source of error lies in the calculation of absolute protein densities in small cellular compartments such as the PSD, which requires both accurate molecule numbers as well as ultrastructural information to resolve the distribution and packing of synaptic proteins.
Counting Synaptic Proteins with Single Molecule Localization Microscopy
Several recent super-resolution imaging techniques bypass the limitations of conventional fluorescence microscopy (reviewed in Ref. 45). Among these, photoactivated localization microscopy (PALM) and stochastic optical reconstruction microscopy (STORM) hinge on the detection of single photoactivatable or switchable fluorescent proteins or organic dyes. [46] [47] [48] As these probes change their emission spectrum in a controlled manner (e.g., upon illumination with near-UV light), single molecule data are gathered by temporally resolving individual fluorophores. Their locations can be calculated with a precision in the nanometer range (typically ∼10 nm with currently available probes, Table 1 ). The information belonging to many fluorophores is then combined to obtain a super-resolution pointillist image [ Fig. 2(d) ]. As an example, the subsynaptic distribution of several pre-and postsynaptic proteins at excitatory synapses (e.g., Piccolo, Bassoon, GluA1, GluN2B, CaMKII, PSD-95, Shank, and Homer) was mapped using multicolor three-dimensional-STORM. 49 The data provide striking evidence that receptors and scaffold proteins are organized in laminar fashion and lie at different distances from the synaptic cleft (discussed in Ref. 50) . Similarly, the combination of various super-resolution techniques including PALM-based single particle tracking (sptPALM) and STORM disclosed the presence of nanodomains of AMPARs and PSD-95 at hippocampal synapses. 51 These studies give insight into the internal organization of synapses that underlies signaling processes on the molecular scale.
The recording of discrete numbers of detections makes SMLM an inherently quantitative approach, where the number of detections reflects the number of fluorophores (e.g., Ref. 52) . Unfortunately, the ill-defined photophysical properties of fluorophores complicate the use of SMLM for absolute quantification. 53 Since a fluorophore may be active for several consecutive frames and its calculated location varies due to stochastic fluctuations, each fluorophore is in fact represented by a small cluster of points in a pointillist image [ Fig. 2(d)] . As a consequence, the number of detections that constitute the pointillist image is not equal to the number of molecules present. Instead, bursts of detections must be translated into absolute molecule numbers. The conversion is relatively straightforward when the events are well separated in space and time [Figs. 2(d) and 2(e)]. The stoichiometry of GlyR complexes expressed in Xenopus oocytes was analyzed in this way. 54 As for the counting of bleaching steps, the observed burst frequencies were fitted with a binomial distribution to calculate the underlying stoichiometry as well as the photoactivation efficiency of the fluorophores [in analogy to the probability of detection p d ; Fig. 2(c) ]. The data reaffirm the α 3 β 2 model discussed earlier. What is more, this study compared the behavior of different photoactivatable proteins used for SMLM. About 60% of mEos2, 50% of Dendra2, but only 40% of PA-GFP molecules were successfully photoactivated and detected under the chosen experimental conditions. 54 A disadvantage of quantitative PALM consists in the difficulty to count large numbers of proteins in dense compartments, 55 as is the case for scaffold proteins at synapses. A combination of methods has allowed us to estimate the absolute number of gephyrin scaffold proteins at inhibitory synapses. 56 As a first approach, we analyzed the fluorescence decay traces of small subsets of photoconverted Dendra2-tagged gephyrin to identify bleaching steps. This is ultimately the same strategy as the one described by Ulbrich and Isacoff, 33 only that it was applied to subsets of a large population of fluorophores using pulsed photoconversion. We could then translate the peak intensities into absolute numbers, the sum of which represents the total number of scaffold molecules in a given cluster [ Fig. 2(f) ]. According to our data, inhibitory synapses in cultured spinal cord neurons contained an average of 200 recombinant gephyrin molecules. 56 As an independent approach, we measured the decay kinetics of endogenous mRFP-gephyrin clusters in spinal cord neurons from knockin mice. The total fluorescence intensity of a cluster is given by the area under the decay trace [ Fig. 2(g) ]. This value was divided by the total unitary fluorescence, calculated as the product of the intensity of single blinking events (i) and the average lifetime of the fluorophore population (the decay time constant τ). Again, we found about 200 gephyrin molecules at an average spinal cord synapse, meaning that gephyrin clustering is closely regulated and that absolute molecule numbers are maintained independently of protein expression. In addition, the reconstruction of PALM-like images from the single fluorophore blinking events enabled us to estimate protein densities at synapses. With concentrations of ∼5000 gephyrin molecules∕μm 2 the density of scaffold proteins exceeded that of bound inhibitory receptor complexes several-fold (e.g., 1250 GABA A Rs∕μm 2 at stellate cell synapses 26 ). The relatively large population of AMPARs at excitatory synapses has been counted directly with a quantitative STORM approach. 51 Here, the signals of sparse, extrasynaptic GluA2 subunits were used to estimate the number of receptor complexes at synapses in cultured hippocampal neurons. As had been seen in earlier studies 49, 57 the subsynaptic distribution of AMPARs was not homogenous. The receptors were typically concentrated in nanoclusters at synapses, each containing about 27 receptors. Quantitative STORM has also been employed to count absolute numbers of Bruchpilot protein (Brp) in the active zone (AZ) of Drosophila neuromuscular junctions. 58 Brp plays a crucial role for presynaptic function as it binds both Ca 2þ channels and synaptic vesicles. In this study, primary and secondary antibody titrations were carried out to determine the labeling efficiency and the conversion factor, in order to translate fluorophore detections into molecule numbers. It was calculated that 137 Brp proteins are present at an average AZ. Of these, 75% were clustered in about 15 complexes, each containing ∼7 Brp proteins. 58 Together, these studies demonstrate how quantitative data in conjunction with precise subsynaptic distributions yield essential structural information that has direct relevance for synaptic function.
Dark Side of Multiple Detections
Multiple detections of the same fluorophore in consecutive movie frames make it possible to reconstruct molecule trajectories and extract diffusion parameters in live sptPALM experiments. 59 In fixed samples, however, multiple detections complicate single molecule counting as described earlier. In addition to successive detections, the existence of intermittent blinking must be considered in the analysis of PALM datasets to avoid major counting artifacts. Once activated, common photoconvertible proteins such as mEos2 or Dendra2 can be either irreversibly bleached or enter into long-lasting reversible dark states that are interrupted by stochastic blinking events. 55, 60 As a direct consequence, single fluorophores produce clusters of temporally separated detections that can be wrongly assigned as belonging to different molecules. Recurring detections need to be grouped according to their temporal and/or spatial distribution for an accurate quantification or to further improve the localization precision of the emitting fluorophores. Calibration standards with a known number of fluorophores may be considered to validate analytical strategies. 52, 61 A self-evident approach to account for photoblinking is to define a correct time window to join the detections of single fluorophores [ Fig. 2(e) ]. A systematic analysis of PALM data has shown that the estimation of fluorophore dark times (t off ) can lead to counting errors. 55 Whereas a short dark time threshold will produce overcounting by assigning blinking events to separate fluorophores, long dark times cause undercounting by merging the detections from different fluorophores, particularly in dense samples. By choosing a dark time threshold that balances over-and undercounting, the absolute density of mEos2-tagged β 2 adrenergic receptors could be measured in HeLa cells. 55 However, finding the correct dark time threshold is not trivial when the kinetic properties of fluorescent proteins are not well characterized. A more detailed four-state kinetic model was used to compare the photoblinking of Dendra2 and mEos2, and to establish a photoactivation protocol that maintains a constant number of active fluorophores with optimal temporal separation. 60 The results indicate that Dendra2 is a better photoconvertible probe for counting purposes as it bleaches more readily and blinks less than mEos2.
The temporal distribution of blinking events was further characterized using independent time traces of purified mEos2 fluorophores. 62 Based on the same four-state model, it was observed that the stochastic blinking of mEos2 followed a geometric distribution with a probability p bl that the fluorophore is bleached. This means that the number of fluorophores N within a complex is convoluted with the distribution of blinking events. Since mEos2 particles behave similarly under identical imaging conditions, the histogram of blinks produced by more than one fluorophore could be fitted with a negative binomial distribution for a known p bl value to calculate the underlying number of molecules. The analysis of protein complexes with known stoichiometry was used to estimate the photoactivation efficiency of mEos2 (∼90%), and to identify unknown stoichiometries of membrane proteins in HeLa cells. 62 One advantage of this analytical approach lies in the fact that the fitting of blinking frequencies to extract p bl and N is based on a wide range of data points and is hence more accurate than the binomial fitting of the reduced molecule counts discussed earlier.
Alternatively, various mathematical algorithms (e.g., Ripley's function and DBSCAN) have been used to analyze the spatial distribution of fluorophore detections (discussed in Ref. 53 ). Among these, pair correlation (PC) is a statistical approach to identify nonrandom patterns in pointillist images, be it bursts of detections of the same fluorophore or accumulations of several proteins. 63 By comparing the characteristic spatial signature of multiple detections from a single fluorophore to that of genuine protein clusters, it is possible to calculate the size, density, and absolute number of molecules in protein complexes [ Fig. 2(h) ]. An independent evaluation of the photoactivation efficiency is required to estimate absolute molecule numbers, since PC-PALM on its own does not correct for missed photoconversions.
Another algorithm, SR-Tesseler, was recently proposed to identify spatially defined clusters of detections in an unbiased fashion. 64 It is based on Voronoï tessellation that segments space into polygons centered on a point or seed. If applied to PALM data, each localization acts as a seed, creating polygons with a set of parameters (area and density). Adjacent polygons can be merged based on statistical criteria, hence defining discrete objects in the pointillist image such as clusters of detections belonging to single fluorophores or groups of fluorophores. SR-Tesseler was tested on SMLM data from GlyR complexes. Sparse clusters of detections were automatically selected by applying a density threshold. The analysis suggested a GlyR stoichiometry of α 3 β 2 in agreement with the earlier interpretation of the data. 54 Similarly, SR-Tesseler was used to identify AMPAR nanodomains at excitatory PSDs. The mean diameter (∼80 nm) and number of the nanodomains per spine (2.5) was in agreement with previous analyses. 51 Furthermore, spatiotemporal grouping of detections suggested that nanodomains contain on average 14 AMPARs, validating tessellation techniques for the identification of clusters of detections and groups of molecules. The same approach could be applied to measure other spatially regulated molecular parameters, such as diffusion properties of membrane receptors or the strength of receptor-scaffold interactions. 65, 66 The combination of super-resolution techniques with fluorescence correlation spectroscopy (FCS) is particularly promising as it joins the high spatial and the high temporal resolution of the two methods. 67 FCS thus provides another analytical framework to determine not only molecule concentrations but also biophysical properties within defined subcellular compartments. 68 These parameters are equally important to establish accurate models of diffusionreaction processes at synapses.
Conclusion
The complex molecular events during synaptic transmission need to be described by models that account for the numbers of interacting molecules and their precise distribution, and that reflect the stochasticity of synaptic processes. 1 The ultimate aim must be to gather absolute numbers of several molecule types in real time and at high spatial resolution. Among various quantitative approaches, only SMLM fulfills all these requirements. This is illustrated by recent SMLM studies that have implemented quantitative, multicolor, synapse-specific, and dynamic super-resolution imaging. In addition to single molecule counting, tracking techniques can be used to extract other pertinent quantitative parameters such as diffusion properties and binding energies. 69 It is therefore anticipated that SMLM will drive an impending progress in quantitative neurobiology.
